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(57) ABSTRACT

Inexpensive stainless steel and inexpensive and high strength
stainless steel which has excellent hydrogen environment
embrittlement resistance even if used in a hydrogen resistant
environment in over 40 MPa high pressure hydrogen gas or a
hydrogen resistant environment in liquid hydrogen, charac-
terized by containing, by mass %, C: 0.1% or less, Si: 0.4 to
1.5%, Mn: 8 to 11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%,
and N: 0.01 to less than 0.15% and having a balance of Fe and
unavoidable impurities, having a volume rate of d-ferrite of
10% or less, and having a long axis of -ferrite before anneal-
ing 0of 0.04 to 0.1 mm.

20 Claims, No Drawings
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AUSTENITIC HIGH MN STAINLESS STEEL
AND METHOD PRODUCTION OF SAME AND
MEMBER USING THAT STEEL

TECHNICAL FIELD

The present invention relates to austenitic high Mn stain-
less steel which has excellent mechanical properties (strength
and ductility) under a high pressure hydrogen gas or liquid
hydrogen environment.

Further, the present invention relates to a gas tank for high
pressure hydrogen gas use or a tank for liquid hydrogen use
which has a container body and liner comprised of austenitic
high Mn stainless steel which is excellent in hydrogen envi-
ronment embrittlement resistance.

Furthermore, the present invention relates to piping for
transporting high pressure hydrogen gas or liquid hydrogen
which is comprised of austenitic high Mn stainless steel
which is excellent in hydrogen environment embrittlement
resistance.

Further, the present invention relates to a valve connected
to piping transporting high pressure hydrogen gas or liquid
hydrogen which is comprised of austenitic high Mn stainless
steel which is excellent in hydrogen environment embrittle-
ment resistance.

BACKGROUND ART

In recent years, from the viewpoint of global warming, to
suppress the exhaust of room temperature effect gases (CO,,
NO,, and SO,), progress has been made in development of
technology which uses hydrogen as energy. In the past, when
storing hydrogen as high pressure hydrogen gas, thick-walled
Cr—Mo steel tanks have been filled with hydrogen gas up to
about pressures of about 40 MPa.

However, tanks made of such Cr—Mo steel fall in fatigue
strength due to fluctuations in inside pressure and penetration
by hydrogen due to repeated filling and release of high pres-
sure hydrogen, so the wall thickness must be made 30 mm or
so. The weight therefore builds up. For this reason, the
increase in weight and increase in size of the equipment
become serious issues.

The existing JIS standard SUS316-based austenite stain-
less steel (hereinafter referred to as “SUS316 steel”) has a
hydrogen embrittlement resistance under a high pressure
hydrogen gas environment which is better than other steel for
structural use, for example, carbon steel, including the above
Cr—Mo steel, and JIS standard SUS304-based austenite
stainless steel (hereinafter referred to as “SUS304 steel”), so
is being used for piping materials or high pressure hydrogen
fuel tank liners of fuel cell vehicles as well.

SUS316 steel is stainless steel which contains expensive
Ni: 10% or more and Mo: 2% or more. For this reason,
SUS316 steel has major problems in general applicability and
economy (cost).

Further, to store and transport a large amount of hydrogen
gas, making the pressure of the hydrogen gas a high pressure
of'over 40 MPa and making active use of liquid hydrogen may
be mentioned. Regarding the increase in pressure, for
example, to use piping made of SUS316 steel in an over 40
MPa high pressure hydrogen gas environment, the point has
been raised that it would be necessary to increase the cur-
rently 3 mm wall thickness piping to over 6 mm thickness or
the piping would not be able to withstand use strength-wise.

For ultralow temperature use of liquid hydrogen, in the
past, austenitic SUS304 steel or SUS316 steel has been used.
For liquid hydrogen containers as well, low temperature
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hydrogen gas embrittlement has to be considered at the top
layer part where the liquid hydrogen becomes vapor, so it is
preferable to use SUS316 which is excellent in hydrogen
embrittlement resistance.

Further, in recent years, in advance of the introduction of
fuel cell vehicles, progress has been made in official building
of prototypes of hydrogen stations and running of proving
tests. Hydrogen stations which store large amounts of hydro-
gen as liquid hydrogen and which can raise the liquid hydro-
gen in pressure and supply it as over 70 MPa high pressure
hydrogen gas are also in the proving stage. As the world
moves to commercial use and popularization of such hydro-
gen stations, the need for an inexpensive metal material
reduced in Ni and Mo and an inexpensive and high strength
metal material which are able to be used in both hydrogen
environments of high pressure hydrogen gas and liquid
hydrogen has been becoming stronger.

In the past, high nitrogen-content austenitic stainless steel
has been known as stainless steel for high pressure hydrogen
gas use which is raised in material strength.

For example, PLT 1 discloses stainless steel for high pres-
sure hydrogen gas use which contains N: 0.1 to 0.5%, Cr: 22
t0 30%, Ni: 17 to 30%, Mn: 3 to 30%, and any of V, Ti, Zr, and
Hf and which satisfies 5Cr+3.4Mn<500N and containers and
equipment comprised of that steel.

Furthermore, PLT 2 discloses stainless steel for high pres-
sure hydrogen gas use which contains N: 0.1 to 0.5%, Cr: 15
to 22%, Ni: 5 to 20%, Mn: 7 to 30%, and any of V, Ti, Zr, and
Hf and which satisfies 2.5Cr+3.4Mn=<300N and containers
and equipment comprised of that steel.

The stainless steels which are disclosed in these PLT 1 and
PLT 2 are directed to higher Cr and higher Ni compared with
SUS316 steel. In the stainless steel which is disclosed in PLT
2 with a relatively small content of alloy elements as well,
substantially the amount of Cr is over 17%, the amount of N
is over 0.25%, and Ni, Mn, Mo, Nb, etc. are contained making
it high alloy steel.

PLT 3 discloses a pressure vessel and pipe for piping use
which are excellent in hydrogen environment embrittlement
resistance and stress corrosion cracking resistance and which
can be used for 70 MPa or more high pressure hydrogen gas
without depending on a larger wall thickness and larger diam-
eter. The steel which is used for these pressure vessel and pipe
for piping use is comprised of a composition of ingredients of
Cr: 151t020%, Ni: 8 to 17%, Si: 1.3 t0 3.5%, Mn: 3.5% or less,
and N: 0.2% or less.

PLT 4 discloses austenitic stainless steel welded pipe
which is suitable for transport of 40 MPa or so high pressure
hydrogen which is made of stainless steel containing Cr: 14 to
28%, Ni: 6 to 20%, Si: 4% or less, Mn: 3% or less, and N,
0.25% or less.

The stainless steels which are disclosed in PLT 3 and PLT
4 feature addition of Si and reduction of Mn and contain Ni in
amounts of substantially 9 to 15% or about the same as or
more than SUS316 steel.

The inventors proposed in PLT 5 austenitic high Mn stain-
less steel which has workability which enables cold working,
deep drawing, and other press forming by a high working rate
and is maintained in nonmagnetic property without formation
of strain-induced martensite even after working. This stain-
less steel has trace amounts of Ni: 6% or less and Mo: 0.3% or
more added and is remarkably superior in economy compared
with SUS316 steel.

Furthermore, the inventors proposed in PLT 6 an austenitic
high Mn stainless steel for high pressure hydrogen gas use
which is intended for application in low temperature hydro-
gen gas environments and is inexpensive or both inexpensive
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and high in strength. This austenitic high Mn stainless steel
pursues thorough reduction of alloying and as a result recom-
mends addition of Cr: less than 15%, Ni: 6% or less, N: 0.01
to 0.4%, and a 0.35% trace amount of Mo and defines a
parameter Md30 of austenite stability of =120 to 20 in range.

However, this austenitic high Mn stainless steel not only
does not consider high pressure hydrogen gas, but also does
not consider adaptation to a liquid hydrogen environment.
The material properties under the ultralow temperature of
liquid hydrogen are unknown.

Therefore, as explained above, no inexpensive stainless
steel or inexpensive and high strength stainless steel which
can be used in both hydrogen environments of over 40 MPa
high pressure hydrogen gas and liquid hydrogen has yet
appeared.

CITATIONS LIST
Patent Literature

PLT 1: WO2004-083476 Al
PLT 2: WO2004-083477 Al
PLT 3: Japanese Patent Publication No. 2009-299174 A1l
PLT 4: Japanese Patent Publication No. 2010-121190 A1
PLT 5: Japanese Patent Publication No. 2005-154890 A1
PLT 6: WO2007-052773 Al

SUMMARY OF INVENTION
Technical Problem

In view of the above situation, the present invention has as
its object to provide inexpensive stainless steel or inexpensive
and high strength stainless steel which can be used in both
hydrogen environments of over 40 MPa high pressure hydro-
gen gas and liquid hydrogen.

That is, it has as its object to provide inexpensive stainless
steel or inexpensive and high strength stainless steel which
can be adapted to both hydrogen environments of high pres-
sure hydrogen gas and liquid hydrogen by design of the
materials so that the alloy ingredients and steel structure
satisfy specific conditions in the austenitic high Mn stainless
steel which the inventors have studied up to here.

Note that, the characteristics which are targeted by the
present invention are a hydrogen embrittlement resistance in
high pressure hydrogen gas equal to or better than that of
SUS316 steel and a strength-ductility balance in liquid hydro-
gen equal to or better than that of SUS316 steel, more pref-
erably equal to or better than SUS304 steel.

Solution to Problem

The inventors engaged in in-depth research, for solving the
above problems and realizing excellent mechanical proper-
ties (both strength and ductility) under both environments of
high pressure hydrogen gas and liquid hydrogen in the aus-
tenitic high Mn stainless steel which they studied up to now,
regarding the relationship between the composition of alloy
ingredients comprised of the main elements of Cr, Mn, and Ni
and the trace elements of Mo etc. and the steel structure and
obtained the following new findings whereby they completed
the present invention.

(a) To secure not only hydrogen embrittlement resistance
in a high pressure hydrogen gas environment, but also a
strength-ductility balance equal to or better than SUS304
steel or SUS316 steel in liquid hydrogen (temperature 20K),
it is necessary to improve the ductility of the martensite phase
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transformed from the austenite phase by work induced trans-
formation. For this reason, it is necessary to add Cr: 15% or
more. Further, it is effective to make the amount of addition of
Ni differ by the amount of Ni in the steel. When not deliber-
ately adding N in the steel in the steelmaking stage, that is,
when the amount of N in the steel is 0.01 to less than 0.15%,
Ni: 5% or more has to be added. On the other hand, when
deliberately adding N in the steel in the steelmaking stage,
that is, when the amount of N in the steel is 0.15% or more, Ni:
6% or more has to be added.

(b) In tensile tests in high pressure hydrogen gas and in
liquid hydrogen, it was discovered that material breakage
occurred starting from regions where the unavoidably con-
taminating austenite-forming element (Ni) is weak around
the small amount of d-ferrite remaining in the steel. By reduc-
ing the negative segregated regions of austenite-forming ele-
ments based on the detailed results of analysis of the steel
structure, it is possible to realize both excellent hydrogen
embrittlement resistance and strength and ductility in liquid
hydrogen.

(c) The negative segregated regions of austenite-forming
elements can be confirmed by elementary analysis of the steel
structure by an X-ray microanalyzer. However, such analysis
takes time and effort, so as a simplified means for evaluation
which enables relatively easy confirmation from observation
ofthe microstructure, the correlation between the volume rate
and size of d-ferrite remaining in the steel and the results of
elementary analysis of the steel structure by an X-ray
microanalyzer have been studied.

(d) From the correlation between the above simplified
evaluation means and analysis by an X-ray microanalyzer, it
was found that to realize both the hydrogen embrittlement
resistance and the strength and ductility in liquid hydrogen
which the present invention targets, it is sufficient to make the
d-ferrite volume rate in the steel structure and the long axis of
d-ferrite predetermined values or less. Further, it was found
that the steel structure differs due to the amount of N in the
steel.

(e) To control the prescribed volume rate and size of d-fer-
rite, it is effective to make the amount of Cr: 17% or less and
the amount of Mn: 11% or less. Furthermore, it is preferable
to reduce the amount of Mo, a ferrite-forming element which
is added in a trace amount, to 0.3% or less. Mn contributes to
improvement of both the hydrogen embrittlement resistance
and strength and ductility in liquid hydrogen from ordinary
temperature to ultralow temperature as an austenite-stabiliz-
ing element and promotes the formation of d-ferrite in the
solidification and hot working temperature region of the steel.

(® To reduce the size of the d-ferrite, in addition to the
limitations of the composition of ingredients which are dis-
cussed in (a) and (e), it is effective to heat to a high tempera-
ture of 1200° C. or more then repeat hot working and anneal-
ing or to not anneal after hot working, but cold work as is, then
anneal so as to refine the d-ferrite. When not deliberately
adding N in the steel in the steelmaking stage, that is, when
the amount of N in the steel is 0.01 to less than 0.15%, to
reduce the size of the -ferrite to a long axis of less than 0.05
mm, it is particularly effective to heat the steel to a 1200° C.
or more high temperature, then repeat hot working and
annealing or to not anneal after hot working, cold work as is,
then anneal. On the other hand, when deliberately adding N in
the steel in the steelmaking stage, that is, when the amount of
N in the steel is 0.15 to 0.3%, to reduce the size of the d-ferrite
to a long axis of less than 0.05 mm, it is sufficient to adjust the
Cr, Ni, or other ingredients discussed in (a). It is not necessary
to perform the process of heating the steel to a high tempera-
ture of 1200° C. or more and repeating hot working and
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annealing or the process of not annealing after hot working,
but cold working as is and then annealing.

The present invention was made based on the above find-
ings (a) to (f). The gist of the present invention is as follows:

(1) Austenitic high Mn stainless steel characterized by
containing, by mass %, C: 0.1% or less, Si: 0.4 to 1.5%, Mn:
810 11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%, Mo: 0.05
t0 0.3% and N: 0.01 to less than 0.15% and having a balance
of Fe and unavoidable impurities, having a volume rate of
d-ferrite of 5% or less, and having a long axis of d-ferrite of
0.05 mm or less.

(2) Austenitic high Mn stainless steel characterized by

containing, by mass %, C: 0.1% or less, Si: 0.4 to 1.5%, Mn:
810 11%, Cr: 15 to 17%, Ni: 6 to 8%, Cu: 1 to 4%, Mo: 0.05
to 0.3, and N: 0.15 to 0.3% and having a balance of Fe and
unavoidable impurities, having a volume rate of d-ferrite of
5% or less, and having a long axis of §-ferrite of less than 0.05
mm.
(3) The austenitic high Mn stainless steel as set forth in (1)
characterized in that the steel further contains, by mass %, one
or more types of elements selected from Al: 0.2% or less, B:
0.01% or less, Ca: 0.01% or less, Mg: 0.01% or less, and
REM: 0.1% or less.

(4) The austenitic high Mn stainless steel as set forth in (2)
characterized in that the steel further contains, by mass %, one
or more types of elements selected from Al: 0.2% or less, B:
0.01% or less, Ca: 0.01% or less, Mg: 0.045% or less, and
REM: 0.1% or less.

(6) A method of production of austenitic high Mn stainless
steel as set forth in (1), the method of production of austenitic
high Mn stainless steel characterized by heating steel, which
contains, by mass %, C: 0.1% or less, Si: 0.4 to 1.5%, Mn: 8
to 11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%, Mo: 0.05 to
0.3%, and N: 0.01 to less than 0.15% and has a balance of Fe
and unavoidable impurities, at 1200 to 1300° C. for 1 hour or
more, then hot working it, then annealing it at 900 to 1300° C.
to refine d-ferrite.

(7) A method of production of austenitic high Mn stainless
steel as set forth in (1), the method of production of austenitic
high Mn stainless steel characterized by heating steel, which
contains, by mass %, C: 0.1% or less, Si: 0.4 to 1.5%, Mn: 8
to 11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%, Mo: 0.05 to
0.3%, and N: 0.01 to less than 0.15% and has a balance of Fe
and unavoidable impurities, at 1200 to 1300° C. for 1 hour or
more, then hot working it, then cold working it without
annealing, then annealing it at 900 to 1200° C. to refine
d-ferrite.

(8) A method of production of austenitic high Mn stainless
steel as set forth in (6) or (7) characterized in that the steel
further contains, by mass %, one or more types of elements
selected from Al: 0.2% or less, B: 0.01% or less, Ca: 0.01% or
less, Mg: 0.01% or less, and REM: 0.1% or less.

(9) A gas tank for high pressure hydrogen use which stores
high pressure hydrogen gas with a pressure 0of 0.1 to 120 MPa,
the gas tank for high pressure hydrogen use characterized in
that at least one of a container body and liner of the gas tank
for high pressure hydrogen use is comprised of the austenitic
high Mn stainless steel as set forth in any one of (1) to (4)

(10) A tank for liquid hydrogen use which stores liquid
hydrogen, the tank for liquid hydrogen use characterized in
that at least one of a container body and liner of the tank for
liquid hydrogen use is comprised of the austenitic high Mn
stainless steel as set forth in any one of (1) to (4).

(11) Piping for liquid hydrogen use comprised of piping
which transports high pressure hydrogen gas of a pressure of
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0.1 to 120 MPa, characterized in that the piping is comprised
of'the austenitic high Mn stainless steel as set forth in any one
of (1) to (4).

(12) A valve for high pressure hydrogen use comprised of
a valve which is to be connected to piping which transports
high pressure hydrogen gas of a pressure of 0.1 to 120 MPa,
characterized in that the valve is comprised of the austenitic
high Mn stainless steel as set forth in any one of (1) to (4).

(13) Piping for liquid hydrogen use comprised of piping
which transports liquid hydrogen, characterized in that the
piping is comprised of the austenitic high Mn stainless steel as
set forth in any one of (1) to (4).

(14) A valve for liquid hydrogen use comprised of a valve
which is to be connected to piping which transports liquid
hydrogen, characterized in that the valve is comprised of the
austenitic high Mn stainless steel as set forth in any one of (1)
to (4).

Advantageous Effects of Invention

According to the present invention, it is possible to obtain
inexpensive stainless steel or inexpensive and high strength
stainless steel which is excellent in economy without inviting
a rise in the alloy cost or manufacturing cost and which has
mechanical properties which achieve both a hydrogen
embrittlement resistance and strength and ductility in liquid
hydrogen equal to or better than SUS316-based austenite
stainless steel.

DESCRIPTION OF EMBODIMENTS

Below, the present invention will be explained in detail.
Note that, the indication of “%” of content of the elements
means “mass %”. Further, the material properties in the two
environments of high pressure hydrogen gas and liquid
hydrogen are referred to as “hydrogen environment embrittle-
ment resistance”.

(A) The reasons for limitation of the composition of ingre-
dients will be explained below.

C is an element which is effective for stabilization of the
austenite phase or suppression of formation of d-ferrite in the
austenitic high Mn stainless steel of the present invention.
Further, C causes the strength of the material to rise by solu-
tion strengthening. Therefore, to raise the stability of the
austenite phase and to improve the hydrogen environment
embrittlement resistance, it is preferable to add 0.01% or
more. On the other hand, excessive addition of C results in the
effects becoming saturated and raises the strength of the
work-induced martensite phase to remarkably impair the duc-
tility in a liquid hydrogen environment, so the upper limit has
to be made 0.1%. Preferably, it is 0.04 to 0.08% in range.

Si is an element which is effective for raising the austenite
stability to improve the hydrogen environment embrittlement
resistance from ordinary temperature to an ultralow tempera-
ture environment in the austenitic high Mn stainless steel of
the present invention. In addition, it is a solution strengthen-
ing element which is also effective in raising the material
strength as aimed at in the present invention. To achieve these
effects, the lower limit is made 0.4%. Excessive addition of Si
assists the formation of 8-ferrite to inhibit the improvement of
the hydrogen environment embrittlement resistance as aimed
at in the present invention and assists the formation of the
sigma phase or other intermetallic compound to possibly
cause a drop in the hot workability and toughness. For this
reason, the upper limit is made 1.5%. Preferably, it is 0.5 to
1.0% in range.
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Mn is an element which is effective for reducing the
amount of Ni and for raising the austenite stability to improve
the hydrogen environment embrittlement resistance from
ordinary temperature to an ultralow temperature environ-
ment. To achieve the improvement of economy as aimed at in
the present invention, it is necessary to make the amount of
the expensive element of Ni added smaller than 8% or smaller
than general SUS304 steel. To make up for the drop in the
amount of addition of Ni and obtain the above effect, the
lower limit of Mn has to be made 8%. On the other hand,
excessive addition of Mn assists the formation of d-ferrite to
inhibit the improvement of the hydrogen environment
embrittlement resistance as aimed at in the present invention,
so the upper limit is made 11%. Preferably, it is 9 to 10% in
range.

Cr is an alloy element which is essential for obtaining the
corrosion resistance which is demanded from stainless steel.
In addition, to secure a strength-ductility balance equal to or
better than that of SUS304 steel or other existing stainless
steel in liquid hydrogen, as explained in the above (a), Cr is
added in 15% or more. On the other hand, excessive addition
of Cr assists the formation of d-ferrite to inhibit the improve-
ment of the hydrogen environment embrittlement resistance
as aimed at in the present invention, so the upper limit is made
17%. Preferably, it is over 15 to 16% in range.

Ni, as well known in existing SUS316 steel as well, is an
element which is extremely effective for improving the
hydrogen environment embrittlement resistance as aimed at
by the present invention. As explained in the above (a), to
improve both the strength and ductility in liquid hydrogen to
the target level, the lower limit of the amount of addition of Ni
differs depending on the amount of N in the steel. If the
amount of N in the steel is 0.01 to less than 0.15%, the lower
limit of Ni has to be made 5%. On the other hand, if the
amount of N in the steel is 0.15 to 0.3%, the lower limit of Ni
has to be made 6%. Further, to achieve improvement of the
economy as aimed at in the present invention, the amount of
addition of Ni is made 8% or less or smaller than that of
general purpose SUS304 steel. From the viewpoint of
improving the hydrogen environment embrittlement resis-
tance and reducing the material costs as aimed at in the
present invention, the upper limit of Ni is preferably made
7%.

Cu, like Mn and Ni, is an austenite stabilizing element and
an element which is effective for improving the hydrogen
environment embrittlement resistance as aimed at in the
present invention. Cu forms a solid solution in steel to raise
the austenite stability from ordinary temperature to ultralow
temperature by a synergistic effect with Mn and forms
deformed structures which are resistant to the effects of
hydrogen gas embrittlement. To obtain these effects, the
lower limit of Cu is made 1%. However, excessive addition of
Cu causes Cu to precipitate in the steel and thereby leads to
the above effects being saturated or is liable to cause Cu
contamination at the time of steelmaking or a drop in the hot
workability. For this reason, the upper limit of Cuis made 4%.
Preferably, from the viewpoint of achieving both the above
effects and manufacturability, the content is 2 to 3% in range.

N is an element which is effective for stabilization of the
austenite phase or suppression of formation of d-ferrite in the
austenitic high Mn stainless steel of the present invention. To
obtain these effects, the lower limit of N is made 0.01%. To
make N less than 0.01%, the steelmaking costs would be
increased and also the austenite stability of the steel would be
lowered. Further, N is an element which is effective in raising
the material strength by solution strengthening. That is, addi-
tion of N can impart strength as a structural member even
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without cold working, so is an effective means for reducing
the thickness and weight of the base material.

In the present invention, to raise the material strength,
solution strengthening by N is utilized. The case of not delib-
erately adding N to the steel in the steelmaking stage and
using the N which is present in the steel for solution strength-
ening and the case of deliberately adding N to the steel in the
steelmaking stage for solution strengthening will be
explained separately.

When not deliberately adding N to the steel in the steel-
making stage, the amount of N in the steel becomes 0.01 to
less than 0.15%. On the other hand, when deliberately adding
N to the steel in the steelmaking stage, the amount of N in the
steel becomes 0.15 to 0.3%. Addition of N over 0.3% is
difficult in the normal industrial smelting process. In addition
to greatly raising the steelmaking cost, it impairs the improve-
ment of the hydrogen environment embrittlement resistance.

From the viewpoint of achieving both the above effects and
manufacturability, the upper limit of the amount of N in the
case of deliberately adding N is preferably made 0.25%.

Mo is an element which is extremely effective for improve-
ment of the corrosion resistance, but promotes the stabiliza-
tion of the austenite phase and the formation of §-ferrite in the
austenitic high Mn stainless steel of the present invention. To
improve the hydrogen environment embrittlement resistance
as aimed at in the present invention, it is effective to reduce the
volume rate of d-ferrite. The effect of reduction of the 8-fer-
rite volume rate by reduction of the content of Mo is large.
Therefore, the upper limit of Mo is preferably made 0.3%. On
the other hand, Mo is an element which unavoidably is mixed
in from the scraps of the melting materials. Excessive reduc-
tion of Mo leads to restrictions on the melting materials and
thereby causes a rise in the manufacturing costs. Therefore,
from the viewpoint of achieving both the above effects and
manufacturability, the lower limit of Mo is preferably made
0.05%. The more preferable range of Mo is 0.1 to 0.2%.

Al, B, Ca, Mg, and REM are elements which are effective
for improvement of the deoxidation action, hot workability,
and corrosion resistance, so in accordance with need, one or
more types selected from these may be added. However,
excessive addition of these elements leads to a remarkable
rise in the manufacturing cost. Therefore, when adding these
elements, preferably Al: 0.2% or less, B, Ca, and Mg: 0.01%
or less, and REM: 0.1% or less. Note that, when N: 0.15 to
0.3%, Mg may be 0.045% or less. Further, the lower limits in
the case of addition are preferably Al: 0.01%, B, Ca, and Mg:
0.0002%, and REM: 0.01%.

(B) The reasons for limitation of the steel structure are
explained below:

The austenitic high Mn stainless steel of the present inven-
tion has the composition of ingredients which is limited in the
above (A). To achieve both hydrogen environment embrittle-
ment resistances in high pressure hydrogen and in liquid
hydrogen, the negative segregation regions of austenite-form-
ing elements forming the starting point of embrittlement are
reduced in the steel structure.

The volume rate of d-ferrite, as explained in the above (d),
differs depending on the amount of N in the steel. If the
amount of N in the steel is 0.01 to less than 0.15%, the volume
rate of d-ferrite is 10% or less. However, by heating to a high
temperature of 1200° C. or more and repeating hot working
and annealing or by not annealing after hot working, but cold
working as is, then annealing, the volume rate of d-ferrite can
be made 5% or less. The smaller the volume rate of §-ferrite
the better. The lower limit is not particularly limited. How-
ever, when greatly lowering the volume rate of d-ferrite, the
time of the annealing step has to be made longer. Since this
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lowers the productivity, 1.0% is made the lower limit. On the
other hand, when the amount of N in the steel is 0.15 to 0.3%,
the volume rate of d-ferrite is 5% or less, but the process
which is performed when the amount of N in the steel is 0.01
10 0.15%, that is, heating to a high temperature of 1200° C. or
more and repeating hot working and annealing or not anneal-
ing after hot working, but cold working as is, then annealing,
becomes unnecessary. However, to greatly lower the volume
rate of d-ferrite, the time of the annealing step has to be made
longer. Since this lowers the productivity, 0.1% is made the
lower limit. The volume rate of d-ferrite can, for example, be
simply measured by a commercially available ferrite meter
made by Fischer. Further, it may also be found by image
analysis in observation under an optical microscope.

The long axis of d-ferrite, as explained in the above (d),
differs depending on the amount of N in the steel. If the
amount of N in the steel is 0.01 to less than 0.15%, the long
axis of d-ferrite is 0.1 mm or less. However, by heating to a
high temperature of 1200° C. or more and repeating hot
working and annealing or not annealing after hot working, but
cold working as is, then annealing, the long axis of d-ferrite
can be made less than 0.05 mm. The smaller the long axis of
d-ferrite the better. The lower limit of the long axis of d-ferrite
is not particularly limited. However, when the amount of N in
the steel is less than 0.01 to 0.15%, if not performing the step
of heating to a high temperature of 1200° C. or more and
repeating hot working and annealing or the step of not anneal-
ing after hot working, but cold working as is, then annealing,
the lower limit of the long axis of d-ferrite is 0.05 mm.

On the other hand, if the amount of N in the steel is 0.15 to
0.3%, the long axis of d-ferrite is less than 0.05 mm, but the
process which is performed when the amount of N in the steel
is 0.01 to 0.15%, that is, heating to a high temperature of
1200° C. or more and repeating hot working and annealing or
not annealing after hot working, but cold working as is, then
annealing, becomes unnecessary. Note that even when the
amount of N in the steel is 0.15 to 0.3%, the smaller the long
axis of d-ferrite, the better. It is not however particularly
limited.

The long axis of d-ferrite can be measured by the following
procedure. First, from the above measurement by a ferrite
meter, the highest d-ferrite volume rate region is identified. A
sample is cut out from that region. The cut out sample is
buried in resin then polished and etched and observed under
an optical microscope.

In the observed field, the largest long axis of d-ferrite is
measured. Embrittlement in high pressure hydrogen gas and
in liquid hydrogen, as explained in the above (b), occurs
starting from the weakest region in the material. The weakest
region of the material, as explained in the above (d), is the
location with the largest long axis of d-ferrite. Therefore, the
long axis of d-ferrite becomes the largest value in the values
which are observed and measured. Note that the smallest long
axis of O-ferrite which can be confirmed by this method of
observation is 0.005 mm.

When the amount of N in the steel is 0.01 to less than
0.15%, by performing the process explained below, that is, by
annealing after hot working or by cold working as is after hot
working, then annealing, so as to make the long axis of
d-ferrite less than 0.05 mm, that is, by refining the d-ferrite,
the properties are improved. To refine the d-ferrite which is
formed in the melting and solidification process before hot
working, heating at a 1200 to 1300° C. high temperature is
preferable. If the heating temperature exceeds 1300° C., con-
versely sometimes the formation of d-ferrite is assisted. The
heating time is made 1 hour or more for refining the d-ferrite.
The upper limit of the heating time is not particularly limited,
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but if considering the industrial productivity at the time of use
of a batch furnace, 24 hours or less is preferable.

The hot working is performed for producing sheet, rod, and
tube shapes. The working method and the working degree are
not particularly limited. The hot worked material is annealed
at 900 to 1300° C. to refine the remaining d-ferrite and adjust
the mechanical properties. If the annealing temperature is less
than 900° C., the hot rolled material is not sufficiently recrys-
tallized and the result is not preferable. On the other hand, if
over 1300° C., crystal grain coarsening causes a drop in the
working properties and toughness at break at an ultralow
temperature, so this is not preferable.

Further, when producing sheet, rod, and tube cold worked
materials, omitting the solubilization (solution annealing)
after hot working to cold work the steel to predetermined
product shapes, then annealing at 900 to 1200° C. is prefer-
able from the viewpoint of reducing the size (long axis) of the
d-ferrite (austenite negative segregated regions) of the present
invention to improve the hydrogen environment embrittle-
ment resistance. I[f the annealing temperature is less than 900°
C., recrystallization becomes insufficient in the austenitic
high Mn stainless steel of the present invention, so the result
is not preferable. On the other hand, if over 1200° C., crystal
grain coarsening causes a drop in the working properties and
toughness at break at an ultralow temperature, so this is not
preferable.

If the amount of N in the steel is 0.15 to 0.3%, without the
above-mentioned process of annealing after hot working or
process of cold working as is after hot working, then anneal-
ing, it is possible to obtain 6-ferrite with a long axis of less
than 0.05 mm, that is, refined d-ferrite, and possible to
improve the properties. Note that if annealing before cold
working (solution annealing), the d-ferrite would grow and
the long axis of d-ferrite could not be made less than 0.05 mm,
so this is not preferable.

The austenitic high Mn stainless steel which satisfies the
above-mentioned composition of ingredients and steel struc-
ture can be used as a structural material for a container body
or liner of a tank which stores high pressure hydrogen gas and
liquid hydrogen. Further, it can be used as the material for
piping for high pressure hydrogen gas and liquid hydrogen
use or a valve for high pressure hydrogen gas and liquid
hydrogen use.

The austenitic high Mn stainless steel of the present inven-
tion can also be used for over 120 MPa pressure vessels,
piping, valves, and meters, but in structural design, over 120
MPa pressure specifications are almost never required, so the
upper limit of the pressure is preferably made 120 MPa.
Further, the upper limit of the usage temperature is made the
80° C. which is envisioned due to the rise in temperature when
filling hydrogen gas in an outdoor usage environment. On the
other hand, the lower limit is a 20K ultralow temperature in
the case of liquid hydrogen use and the working temperature
of fuel cell vehicles —40° C. in the case of high pressure
hydrogen gas use, but the invention is not limited to these.

EXAMPLES

Next, the present invention will be explained in further
detail by examples, but the conditions of the examples are
illustrations employed for confirming the workability and
effects of the present invention. The present invention is not
limited to this illustration. The present invention can employ
various conditions so long as not deviating from the gist of the
present invention and achieving the object of the present
invention.
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Stainless steels which have the compositions of ingredients
of'Table 1 and Table 2 were smelted and hot rolled at a heating
temperature of 1150 to 1300° C. to prepare 5.0 mm thick hot
rolled plates. Next, the hot rolled plates were annealed at
1080° C. to obtain hot rolled plate annealed materials for use
as test materials or the annealing of the hot rolled plates was
omitted and the plates were cold rolled to thicknesses of 2.0

12
mm and, furthermore, the cold rolled sheets were annealed at
1000° C., then pickled to obtain 2.0 mm thick cold rolled and
annealed sheets for use as test materials. Note that Table 1
shows the compositions of ingredients of low N test materials
with amounts of N of 0.01 to less than 0.15%, while Table 2

shows the compositions of ingredients of high N test materi-
als with amounts of N of 0.15 to 0.3%.

TABLE 1

Unit: mass %

Steel No. C Si Mn Cr Ni Cu N Mo Others Remarks
L1 0.065 045 92 155 55 2.2 0.045 0.12 — Inv.steel
L2 0.065 1.15 82 157 6.2 32 0.135 0.05 — Inv.steel
L3 0.085 0.55 88 167 6.3 24 0.045 0.11 Al: 0.03, Inv.steel

Ca: 0.0011
L4 0.065 0.65 92 155 75 1.5 0.025 0.13 — Inv.steel
L5 0.055 0.62 92 154 6.6 2.7 0.045 0.18  Mg:0.005 Inv.steel
L6 0.115 0.55 88 152 63 24 0.044 0.16 — Comp.steel
L7 0.065 1.58 87 153 6.5 2.5 0.047 0.18 — Comp.steel
L8 0.062 0.65 118 154 6.2 2.6 0.043 0.15 — Comp.steel
L9 0.062 0.58 88 145 6.1 23 0.042 0.12 — Comp.steel
L10 0.063 0.62 89 175 6.1 24 0.043 0.11 — Comp.steel
L11 0.062 0.58 91 154 48 24 0.045 0.09 — Comp.steel
L12 0.062 0.62 92 154 6.2 0.8 0.045 0.11 — Comp.steel
L13 0.045 0.62 92 154 6.2 24 0.008 0.15 — Comp.steel
L14 0.065 0.51 88 152 52 2.5 0.042 0.35 — Comp.steel
L15 0.045 0.35 82 152 53 1.8 0.025 0.25 — Comp.steel
L16 0.045 0.35 7.5 162 53 1.8 0.035 0.22 — Comp.steel
L17 0.055 045 92 157 63 2.5 0.038 0.11 REM:0.05 Inv.steel
L18 0.055 045 92 152 6.2 2.6 0.042 0.09 B:0.001 Inv.steel
L19 0.060 0.55 88 155 6.2 23 0.045 0.05 Al: 0.15 Inv.steel
120 0.060 0.53 88 154 6.1 24 0.043 0.05 Ca:0.0012 Inv.steel
Note)
Underlines show outside suitable range.
TABLE 2
Unit: mass %

Steel No. C Si Mn Cr Ni Cu N Mo Others Remarks
H1 0.055 0.55 105 155 6.9 2.5 0.235 0.08 — Inv. steel
H2 0.055 0.52 83 156 63 24 0.155 0.11 — Inv. steel
H3 0.053 0.55 9.2 154 6.7 24 0.171 0.17 Al:0.055, Inv. steel

Ca: 0.0035,

B:0.0018
H4 0.052 0.57 9.2 154 6.2 24 0.169 0.16 Mg: 0.045, Inv. steel

Ca: 0.0031
HS5 0.088 0.85 85 165 74 1.5 0.165 0.16 — Inv. steel
Hé6 0.045 045 9.1 152 6.2 2.5 0.315 0.12 — Comp. steel
H7 0.047 045 9.1 153 57 25 0.311 0.11 — Comp. steel
H8 0.051 0.48 88 152 57 25 0.172 0.11 — Comp. steel
H9 0.112 0.55 88 152 63 1.6 0.163 0.12 — Comp. steel
H10 0.065 1.65 87 153 6.5 1.7 0.165 0.11 — Comp. steel
Hi1l 0.062 0.65 119 154 6.2 1.8 0.162 0.13 — Comp. steel
Hi12 0.062 0.58 88 146 6.1 1.9 0.168 0.14 — Comp. steel
H13 0.063 0.62 89 175 6.1 1.8 0.164 0.15 — Comp. steel
H14 0.062 0.62 9.2 154 6.2 0.8 0.165 0.25 — Comp. steel
H15 0.045 0.75 83 162 6.2 1.2 0.153 0.38 — Comp. steel
H16 0.045 0.29 82 152 53 1.8 0.155 0.25 — Comp. steel
H17 0.045 0.35 7.5 162 53 1.8 0.155 0.22 — Comp. steel
H18 0.055 045 9.2 157 63 2.5 0.165 0.11 REM: 0.05 Inv. steel
H19 0.055 0.55 88 155 6.2 23 0.180 0.08 Al: 0.08 Inv. steel
H20 0.060 0.55 86 155 6.1 24 0.178 0.05 Ca: 0.0003 Inv. steel
H21 0.061 0.53 87 154 6.2 23 0.175 0.05 B:0.0012 Inv. steel
H22 0.060 0.54 88 155 6.2 24 0.180 0.09 Mg: 0.0008 Inv. steel
H23 0.058 0.55 88 154 63 23 0.179 0.07 Ca: 0.0005 Inv. steel

Note)

Underlines show outside suitable range.
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From the thus obtained 5.0 mm thick hot rolled and
annealed sheet test material or 2.0 mm thick cold rolled and
annealed sheet test material, tensile test pieces of a total
length of 120 mm, a length of the parallel part of 35 mm

14
sheet. This was used as Conventional Example 2. Further, JIS
standard SUS304L steel (hereinafter referred to as
“SUS304L steel”) was heated, then hot worked to hot rolled
sheet. The hot rolled sheet was annealed to produce 5 mm

(distance between evaluation points of 25 mm), and width of 5 thick hot rolled and annealed sheet. This was used as Con-
6.25 mm were taken and used for 1) a tensile test in the air, 2) ventional Example 3.
a tensile test in high pressure hydrogen gas, and 3) a tensile Regarding the hydrogen embrittlement resistance in high
test in liquid hydrogen. pressure hydrogen gas, when the EL: 45 MPa, EL: 90 MPa,
The tensile test in the air was performed at a test tempera- and EL.: 120 MPa of the test materials are the same as or larger
ture of ordinary temperature, a test environment of the air,and 10 than Conventional Example 1, the hydrogen embrittlement
a strain rate of 8x10™%/sec. resistance in the high pressure hydrogen gas was “excellent”.
The tensile test in high pressure hydrogen gas was per- Further, when the EL: 45 MPa, EL: 90 MPa, and EL.: 120 MPa
formed at a test temperature of ordinary temperature, a test of the test materials are the same as or larger than Conven-
environment of 45 MPa hydrogen, 90 MPa hydrogen, and 120 tional Example 2, the hydrogen embrittlement resistance in
MPa hydrogen, and a strain rate of 8x107>/sec. Further, the 15 high pressure hydrogen gas was judged to be “extremely
hydrogen environment embrittlement resistance in high pres- excellent”.
sure hydrogen gas was evaluated by the value of (elongation Regarding the hydrogen environment embrittlement resis-
in high pressure hydrogen gas)/(elongation in air). Note that, tance in liquid hydrogen, when the TSXEL of test materials
the values of (elongation in high pressure hydrogen gas)/ are the same as or larger than Conventional Example 1 or
(elongation in air) in 45 MPa hydrogen, 90 MPa hydrogen, 20 Conventional Example 2, the hydrogen environment
and 120 MPa hydrogen were expressed by EL: 45 MPa, EL: embrittlement resistance in liquid hydrogen was evaluated as
90 MPa, and EL: 120 MPa. “excellent”. Further, when the TSxEL of test materials are
The tensile test in liquid hydrogen was performed up to larger than Conventional Example 3, the hydrogen environ-
0.2% vyield stress by 1.7x10"%sec then 6.8x107%/sec. The ment embrittlement resistance in liquid hydrogen was evalu-
hydrogen environment embrittlement resistance in liquid 25 ated as “extremely excellent”.
hydrogen was evaluated by a numerical value expressed by The d-ferrite volume rate of the test material was found by
the product of tensile strength and elongation, that is, TSEL a ferrite meter made of Fischer. The long axis of d-ferrite was
(strength-ductility balance). measured by preparing a sample burying the cross-section of
As the criteria for evaluation, the following Conventional sheet in a resin, polishing this to a mirror finish, then etching
Examples 1 to 3 were used as the basis for judgment. JIS 30 and using the above procedure for observation under an opti-
standard SUS316L. steel (hereinafter referred to as cal microscope.
“SUS316L steel”) was heated, then hot worked to hot rolled The results of evaluation of the hydrogen environment
sheet. The hot rolled sheet was annealed to produce 5 mm embrittlement resistances of the low N test materials are
thick hot rolled and annealed sheet. This was used as Con- shown in Table 3-1 and Table 3-2. Table 3-1 and Table 3-2
ventional Example 1. Further, SUS316L steel was heated, 35 describe the heating temperature at the time of hot working,
then hot worked to obtain hot rolled sheet. The hot rolled the presence of annealing of the hot rolled sheet, and the
sheet was annealed, then was further cold worked and presence of cold rolling (including annealing after cold roll-
annealed to produce 2 mm thick cold rolled and annealed ing).
TABLE 3-1
Hot Cold Tensile test Tensile test in high Tensile test in o- o-
Heat- rolled rolling in air pressure hydrogen gas liquid hydrogen ferrite  ferrite
ing sheet + 0.2% EL:45 EL:90 EL:120 0.2% volume long
Test  Steel temp. anneal- anneal- PS TS EL MPa MPa MPa PS TS EL TSxEL rate axis Re-
No. No. (°C) ing ing (MPa) (MPa) (%) (=) (=) (-) (MPa) (MPa) (%) (MPa- %) (%)  (mm) marks
1 L1 1230  Yes No 260 592 893 12 1.3 12 590 1480 45 66600 3.8 004 Inv.ex.
2 1180  No Yes 270 600 875 1.1 1.0 0.9 600 1550 40 62000 45 008 Invex.
3 L2 1230  No Yes 305 620 852 12 1.2 12 620 1580 42 66360 42 003 Invex.
4 1230 Yes Yes 320 610 832 1.1 1.0 0.9 630 1570 40 62800 37 007 Inv.ex.
5 L3 1270  Yes No 270 600 882 1.1 1.2 1.1 670 1580 42 66360 14 001 Inv.ex.
6 L4 1250 No Yes 260 590 902 1.2 1.2 1.1 600 1600 42 67200 L1 001 Inv.ex.
7 1180  No Yes 290 600 875 1.1 1.0 0.9 620 1620 40 64800 1.2 006 Inv.ex.
8 L5 1220 No Yes 410 750 635 12 1.2 1.1 720 1740 38 66120 25 002 Inv.ex.
9 L6 1250 No Yes 300 620 875 1.1 1.1 1.1 850 1400 29 40600 2.8 003 Comp.
€X.
10 L7 1220 Yes No 320 550 605 08 0.7 0.6 700 1300 20 26000 115  0.11 Comp.
€X.
11 L8 1180 No Yes 260 580 652 08 0.8 0.6 600 1450 38 55100 121  0.07 Comp.
€X.
12 L9 1200 No Yes 250 580 865 1.1 1.1 1.0 800 1480 31 45880 31 004 Comp.
€X.
13 L10 1180 No Yes 290 570 555 07 0.6 0.5 900 1350 27 36450 105 0.2 Comp.
€X.
14 L1l 1220 No Yes 270 560 57.5 07 0.6 0.5 900 1350 28 37800 6.8 011 Comp.

€X.
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TABLE 3-1-continued
Hot Cold Tensile test Tensile test in high Tensile test in o- o-
Heat- rolled  rolling in air pressure hydrogen gas liquid hydrogen ferrite  ferrite
ing sheet + 0.2% EL:45 EL:90 EL:120 0.2% volume long
Test  Steel temp. anneal- anneal- PS TS EL MPa MPa MPa PS TS EL TSxEL rate axis Re-
No. No. (°C) ing ing (MPa) (MPa) (%) (=) =) (=)  (MPa) (MPa) (%) (MPa- %) (%) (mm) marks
15 L12 1230 No Yes 280 590  60.5 0.8 0.7 0.6 850 1300 25 32500 7.5 0.12  Comp.
ex.
Note 1.
Underlines show outside suitable range.
Note 2.
EL: 45 MPa indicates the elongation in 45 MPa hydrogen divided by elongation in air,
EL: 90 MPa indicates the elongation in 90 MPa hydrogen divided by elongation in air, and
EL: 120 MPa indicates the elongation in 120 MPa hydrogen divided by elongation in air.
TABLE 3-2
(Continuation of Table 3-1)
Hot Cold Tensile test Tensile test in high Tensile test in o- o-
Heat- rolled  rolling in air pressure hydrogen gas liquid hydrogen ferrite  ferrite
ing sheet + 0.2% EL:45 EL:90 EL:120 0.2% volume long
Test  Steel temp. anneal- anneal- PS TS EL MPa MPa MPa PS TS EL TSxEL rate axis
No. No. (°C) ing ing (MPa) (MPa) (%) (=) =) (=)  (MPa) (MPa) (%) (MPa- %) (%)  (mm) Remarks
16 L13 1220 No Yes 230 550 555 0.8 0.8 0.7 400 1250 42 52500 11 0.11  Comp.
ex.
17 L14 1220 No Yes 260 595 755 0.9 0.9 0.8 600 1470 41 60270 6.8 .12 Comp.
ex.
18 L15 1220 No Yes 220 550 765 0.9 0.9 0.8 700 1470 34 49980 5.2 .11 Comp.
ex.
19 L16 1220 No Yes 230 540 745 0.9 0.9 0.8 700 1470 35 51450 55 .11 Comp.
ex.
20 L17 1230 No Yes 270 600 86.5 1.1 1.2 1.1 620 1550 43 66650 4.5 0.04 Inv.ex.
21 L18 1230 No Yes 270 600 855 1.1 1.2 1.1 630 1550 43 66650 4.5 0.04 Inv.ex.
22 L19 1270 Yes No 270 600  88.2 1.1 1.2 1.1 670 1580 42 66350 14 0.01 Inv.ex.
23 120 1270 Yes No 275 595  8R.0 1.1 1.2 1.1 670 1570 41 66370 1.5 0.02 Inv.ex.
SUS316L Yes Yes No 230 570 g44 1.1 1.0 0.9 550 1500 39 58500 6.5 0.08  Conv.
Ex. 1
SUS316L Yes Yes Yes 250 580 83.8 1.1 1.0 1.0 560 1480 38 56240 5.8 0.06  Conv.
Ex.2
SUS304L Yes Yes No 253 560 41.8 0.6 0.5 0.3 390 1650 40 66000 35 0.07  Conv.
Ex. 3
Note 1.
Underlines show outside suitable range.
Note 2.

EL:45 MPa indicates the elongation in 45 MPa hydrogen divided by elongation in air,
EL: 90 MPa indicates the elongation in 90 MPa hydrogen divided by elongation in air, and
EL: 120 MPa indicates the elongation in 120 MPa hydrogen divided by elongation in air.

The invention examples, that is, Test Nos. 1 to 8 and 20 to
23, satisfied the composition of ingredients of the austenitic
high Mn stainless steel of the present invention and as a result
gavethe desired steel structures. [t was confirmed that the EL:
45MPa, EL: 90 MPa, and EL: 120 MPa of Test Nos. 1 to 8 and
20 to 23 were larger than the EL: 45 MPa, EL: 90 MPa, and
EL: 120 MPa of Conventional Example 1 and that Test Nos.
1 to 8 and 20 to 23 had excellent hydrogen embrittlement
resistances equal to or better than the targeted SUS316L.

Further, it could be confirmed that Test Piece Nos. 1 to 8
and 20 to 23 had TSxEL which were larger than the TSxEL of
Conventional Example 1 or Conventional Example 2, that is,
had excellent hydrogen environment embrittlement resis-
tances in liquid hydrogen equal to or better than SUS316L.

Furthermore, Test Nos. 1, 3, 5, 6, 8, 20, 21, 22, and 23
included annealing after hot working or cold working as is
after hot working, then annealing, so the EL: 45 MPa, EL: 90
MPa, and EL: 120 MPa of Test Nos. 1, 3, 5, 6, 8, 20, 21, 22,
and 23 were larger than the EL: 45 MPa, EL: 90 MPa, and EL:

120 MPa. It was confirmed that Test Nos. 1, 3, 5, 6, 8, 20, 21,
22, and 23 had extremely excellent hydrogen embrittlement

50 resistances.

Further, the TSxEL of Test Nos. 1,3, 5, 6, 8,20, 21, 22, and
23 were larger than the TSxEL of Conventional Example 3. It
was confirmed that Test Nos. 1, 3, 5, 6, 8, 20, 21, 22, and 23
had extremely excellent hydrogen environment embrittle-

55 ment resistance in liquid hydrogen.

As opposed to this, Test Nos. 9 to 19 were off from the
composition of ingredients of the austenitic high Mn stainless
steel of the present invention. Even if, as prescribed in the
present invention, annealing after hot working or cold work-

60 1ing as is after hot working, then annealing, it was not possible

to obtain the desired steel structures. As a result, it was con-
firmed that the steels were inferior in one or both of the
hydrogen environment embrittlement resistance in high pres-
sure hydrogen gas and hydrogen environment embrittlement

65 resistance in liquid hydrogen.

The hydrogen environment embrittlement resistances of
the high N test materials are shown in Table 4-1 and Table 4-2.
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Table 4-1 and Table 4-2 describe the heating temperature at
the time of hot working, the presence of annealing of hot
rolled sheet, and the presence of cold rolling (including
annealing after cold rolling).

18

amounts of Ni of 6 to 8%. Due to this, without the process of
annealing after hot working or the process of cold working as
is after hot working, then annealing, the steels had extremely
excellent hydrogen embrittlement resistances in high pres-

TABLE 4-1
Hot Cold Tensile test Tensile test in high Tensile test in o- o-
Heat- rolled  rolling in air pressure hydrogen gas liquid hydrogen ferrite  ferrite
ing sheet + 0.2% EL:45 EL:90 EL:120 0.2% volume long

Test Steel temp. anneal- anneal- PS TS EL MPa MPa MPa PS TS EL TSxEL rate axis
No. No. (°C) ing ing (MPa) (MPa) (%) (=) =) (=)  (MPa) (MPa) (%) (MPa- %) (%) (mm) Remarks
51 H1 1220  Yes No 450 780 65.5 1.2 1.2 1.2 750 1950 34 66300 0.2 0.01  Inv.ex.
52 H2 1250 No Yes 380 740 625 1.2 1.3 1.2 720 1890 37 69930 0.1 0.01  Inv.ex.
53 1180  Yes No 380 740 625 1.2 1.2 1.1 740 1900 36 68400 1.5 0.02  Inv.ex.
54 H3 1250 No Yes 410 750  65.2 1.2 1.2 1.1 700 1900 35 66500 0.1 0.01  Inv.ex.
55 1180 No Yes 430 770 61.2 1.2 1.1 1.1 720 1920 35 67200 0.1 0.01  Inv.ex.
56 H4 1250  Yes Yes 400 760  62.5 1.2 1.2 1.1 710 1850 37 68450 0.2 0.02  Inv.ex.
57 H5 1220 No Yes 420 750 615 1.2 1.2 1.1 730 1880 36 67680 0.5 0.02  Inv.ex.
58 H6 1220  Yes No 490 850 385 0.7 0.6 0.5 1000 1800 20 36000 0.1 0.01 Comp. ex.
59 1180  Yes No 510 880 355 0.6 0.6 0.5 1100 1750 19 33250 0.1 0.01 Comp. ex.
60 H7 1220  Yes No 530 900 325 0.6 0.5 0.4 1200 1600 18 28800 0.1 0.01 Comp. ex.
61 1180  Yes No 550 910 315 0.6 0.5 0.4 1200 1550 15 23250 0.1 0.01 Comp. ex.
62 H8 1220  Yes No 470 830 385 1.1 1.1 1.1 1100 1700 25 42500 0.1 0.01 Comp. ex.
63 1180  Yes No 480 840 575 1.1 1.1 1.1 1100 1750 28 49000 0.1 0.01 Comp. ex.
64 H9 1230  Yes No 490 860 3525 1.1 1.1 0.9 980 1600 25 40000 0.2 0.02  Comp. ex.
65 HIO 1240  Yes No 520 900 485 1.0 1.0 0.9 1010 1570 27 42390 0.3 0.03  Comp. ex.
66  HI1 1230  Yes No 470 860 385 1.1 1.1 0.9 990 1550 29 44950 0.2 0.02  Comp. ex.
67 HI2 1250  Yes No 480 860 56.5 1.1 1.1 0.9 950 1480 26 38480 0.1 0.01 Comp. ex.
68 HI3 1240  Yes No 490 880 355 1.1 1.1 0.9 990 1490 29 43210 0.2 0.02  Comp. ex.
69 HI14 1230  Yes No 500 900 575 1.1 1.1 0.9 1020 1550 30 46500 0.2 0.02  Comp. ex.
70  H15 1240  Yes No 470 860 385 1.1 1.1 0.9 880 1700 30 51000 0.2 0.03  Comp. ex.

Note 1.

Underlines show outside suitable range.

Note 2.

EL: 45 MPa indicates the elongation in 45 MPa hydrogen divided by elongation in air,
EL: 90 MPa indicates the elongation in 90 MPa hydrogen divided by elongation in air, and
EL: 120 MPa indicates the elongation in 120 MPa hydrogen divided by elongation in air.

TABLE 4-2

(Continuation of Table 4-1)

Hot Cold Tensile test Tensile test in high Tensile test in o- o-
Heat- rolled  rolling in air pressure hydrogen gas liquid hydrogen ferrite ferrite
ing sheet + 0.2% EL:45 EL:90 EL:120 0.2% volume long
Test Steel temp. anneal- anneal- PS TS EL MPa MPa MPa mPS TS EL TSxEL rate axis
No. No. (°C) ing ing (MPa) (MPa) (%) (=) =) (=)  (MPa) (MPa) (%) (MPa- %) (%) (mm) Remarks
71 H16 1250 No Yes 380 730 635 1.2 1.3 0.9 760 1890 29 54810 0.1 0.01 Comp. ex.
72 H17 1250 No Yes 390 750 615 1.2 1.3 0.8 780 1890 29 54810 0.1 0.01 Comp. ex.
73  H18 1250 No Yes 400 760  62.5 1.2 1.3 1.2 730 1880 36 67680 0.1 0.01  Inv.ex.
74 H19 1250  Yes Yes 400 750  62.6 1.2 1.2 1.1 710 1850 37 68500 0.2 0.02  Inv.ex.
75  H20 1250  Yes Yes 410 760  62.4 1.2 1.2 1.1 700 1870 35 68400 0.2 0.01  Inv.ex.
76  H21 1250  Yes Yes 400 740 625 1.2 1.2 1.1 720 1840 36 68450 0.2 0.02  Inv.ex.
77  H22 1250  Yes Yes 390 760 625 1.2 1.2 1.1 700 1860 35 68550 0.2 0.01  Inv.ex.
78  H23 1250  Yes Yes 400 750  62.6 1.2 1.2 1.1 710 1850 37 68500 0.2 0.01  Inv.ex.
SUS316L  Yes Yes No 230 570 844 1.1 1.0 0.9 550 1500 39 58500 6.5 0.08 Conv.
Ex. 1
SUS316L  Yes Yes Yes 250 580 83.8 1.1 1.0 1.0 560 1480 38 56240 5.8 0.06 Conv.
Ex.2
SUS304L  Yes Yes No 253 560 41.8 0.6 0.5 0.3 390 1650 40 66000 3.5 0.07 Conv.
Ex. 3
Note 1.
Underlines show outside suitable range.
Note 2.

EL: 45 MPa indicates the elongation in 45 MPa hydrogen divided by elongation in air,
EL: 90 MPa indicates the elongation in 90 MPa hydrogen divided by elongation in air, and
EL: 120 MPa indicates the elongation in 120 MPa hydrogen divided by elongation in air.

Test Nos. 51 to 57 and 73 to 78 satisfied the composition of

sure hydrogen gas equal to or better than the SUS316L tar-

ingredients of austenitic high Mn stainless steel of the present ¢5 geted and extremely excellent hydrogen environment

invention. Thatis, Test Nos. 51 to 57 and 73 to 78 had amounts
of N in the steel of 0.15 to 0.3% and, along with this, had

embrittlement resistance in liquid hydrogen equal to or better
than SUS304L.
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As opposed to this, Test Nos. 58 to 61 were hot rolled cast
slabs of Steel Nos. H6 to H7 with amounts of Ni in the steel of
over 0.3%. It could be confirmed that the hydrogen environ-
ment embrittlement resistance in high pressure hydrogen gas
and in liquid hydrogen greatly fell. Test Nos. 62 and 63 were
hotrolled cast slabs of Steel No. H8 with amounts of Niofless
than 6%. While excellent in hydrogen environment embrittle-
ment resistance in high pressure hydrogen gas, they did not
have the desired hydrogen environment embrittlement resis-
tance in liquid hydrogen. Test Nos. 64 to 72 were hot rolled
cast slabs of steel with compositions of ingredients of ele-
ments other than Ni which were outside the scope of the
present invention. While excellent in hydrogen environment
embrittlement resistance in high pressure hydrogen gas, they
did not have the desired hydrogen environment embrittlement
resistance in liquid hydrogen.

Note that, the above explanation only illustrates embodi-
ments of the present invention. The present invention can be
changed in various ways within the scope of the claims.
Industrial Applicability

According to the present invention, it is possible to obtain
austenitic high Mn stainless steel which is provided with both
a hydrogen embrittlement resistance in high pressure hydro-
gen gas equal or better than that of SUS316L steel and a
hydrogen environment embrittlement resistance in liquid
hydrogen with a strength-ductility balance equal or better
than that of SUS316L steel, more preferably equal or better
than that of SUS304L steel. The present invention exhibits
remarkable effects in industry.

Further, according to the present invention, it is possible to
give the container body or liner of a tank which stores over 40
MPa high pressure hydrogen gas and liquid hydrogen and
piping, valves, meters, etc. an equal or better hydrogen envi-
ronment embrittlement resistance compared with SUS316L,
steel or SUS304 steel without an accompanying rise in cost.
The present invention has value of utilization in industry.

The invention claimed is:

1. Austenitic high Mn stainless steel characterized by con-
taining, by mass%, C: 0.1% or less, Si: 0.4 to 1.5%, Mn: 8 to
11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%, Mo: 0.05 to
0.2%, and N: 0.01 to less than 0.15% and having a balance of
Fe and unavoidable impurities, having a volume rate of d-fer-
rite of 5% or less, and having a long axis of d-ferrite of less
than 0.05 mm.

2. Austenitic high Mn stainless steel characterized by con-

taining, by mass%, C: 0.1% or less, Si: 0.4 to 1.5%, Mn: 8 to
11%, Cr: 15 to 17%, Ni: 6 to 8%, Cu: 1 to 4%, Mo: 0.05 to
0.2%, and N: 0.15 to 0.3% and having a balance of Fe and
unavoidable impurities, having a volume rate of d-ferrite of
5% or less, and having a long axis of §-ferrite of less than 0.05
mm.
3. The austenitic high Mn stainless steel as set forth in
claim 1 characterized in that said steel further contains, by
mass %, one or more types of elements selected from Al: 0.2%
or less, B: 0.01% or less, Ca: 0.01% or less, Mg: 0.01% or
less, and REM: 0.1% or less.

4. The austenitic high Mn stainless steel as set forth in
claim 2 characterized in that said steel further contains, by
mass %, one or more types of elements selected from Al: 0.2%
or less, B: 0.01% or less, Ca: 0.01% or less, Mg: 0.045% or
less, and REM: 0.1% or less.

5. A method of production of austenitic high Mn stainless
steel as set forth in claim 1, said method of production of
austenitic high Mn stainless steel characterized by heating
steel, which contains, by mass%, C: 0.1% or less, Si: 0.4 to
1.5%, Mn: 8to 11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%,
Mo: 0.05 to 0.2%, and N: 0.01 to less than 0.15% and has a
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balance of Fe and unavoidable impurities, at 1200to 1300° C.
for 1 hour or more, then hot working it, then annealing it at
900 to 1300° C. to refine d-ferrite.

6. A method of production of austenitic high Mn stainless
steel as set forth in claim 1, said method of production of
austenitic high Mn stainless steel characterized by heating
steel, which contains, by mass%, C: 0.1% or less, Si: 0.4 to
1.5%, Mn: 8to 11%, Cr: 15 to 17%, Ni: 5 to 8%, Cu: 1 to 4%,
Mo:0.05 to 0.2%, and N: 0.01 to less than 0.15% and has a
balance of Fe and unavoidable impurities, at 1200to 1300° C.
for 1 hour or more, then hot working it, then cold working it
without annealing, then annealing it at 900 to 1200° C. to
refine d-ferrite.

7. A method of production of austenitic high Mn stainless
steel as set forth in claim 5 characterized in that said steel
further contains, by mass%, one or more types of elements
selected from Al: 0.2% or less, B: 0.01% or less, Ca: 0.01% or
less, Mg: 0. 01% or less, and REM: 0.1% or less.

8. A gas tank for high pressure hydrogen use which stores
high pressure hydrogen gas with a pressure 0of 0.1 to 120 MPa,
said gas tank for high pressure hydrogen use characterized in
that at least one of a container body and liner of said gas tank
for high pressure hydrogen use is comprised of the austenitic
high Mn stainless steel as set forth in claim 1.

9. A tank for liquid hydrogen use which stores liquid
hydrogen, said tank for liquid hydrogen use characterized in
that at least one of a container body and liner of said tank for
liquid hydrogen use is comprised of the austenitic high Mn
stainless steel as set forth in claim 1.

10. Piping for liquid hydrogen use comprised of piping
which transports high pressure hydrogen gas of a pressure of
0.1 to 120 MPa, characterized in that said piping is comprised
of'the austenitic high Mn stainless steel as set forth in claim 1.

11. A valve for high pressure hydrogen use comprised of a
valve which is to be connected to piping which transports
high pressure hydrogen gas of a pressure of 0.1 to 120 MPa,
characterized in that said valve is comprised of the austenitic
high Mn stainless steel as set forth in claim 1.

12. Piping for liquid hydrogen use comprised of piping
which transports liquid hydrogen, characterized in that said
piping is comprised of the austenitic high Mn stainless steel as
set forth in claim 1.

13. A valve for liquid hydrogen use comprised of a valve
which is to be connected to piping which transports liquid
hydrogen, characterized in that said valve is comprised of the
austenitic high Mn stainless steel as set forth in claim 1.

14. A method of production of austenitic high Mn stainless
steel as set forth in claim 6 characterized in that said steel
further contains, by mass%, one or more types of elements
selected from Al: 0.2% or less, B: 0.01% or less, Ca: 0.01% or
less, Mg: 0.01% or less, and REM: 0.1% or less.

15. A gas tank for high pressure hydrogen use which stores
high pressure hydrogen gas with a pressure 0of 0.1 to 120 MPa,
said gas tank for high pressure hydrogen use characterized in
that at least one of a container body and liner of said gas tank
for high pressure hydrogen use is comprised of the austenitic
high Mn stainless steel as set forth in claim 2.

16. A gas tank for high pressure hydrogen use which stores
high pressure hydrogen gas with a pressure 0of 0.1 to 120 MPa,
said gas tank for high pressure hydrogen use characterized in
that at least one of a container body and liner of said gas tank
for high pressure hydrogen use is comprised of the austenitic
high Mn stainless steel as set forth in claim 3.

17. A gas tank for high pressure hydrogen use which stores
high pressure hydrogen gas with a pressure 0of 0.1 to 120 MPa,
said gas tank for high pressure hydrogen use characterized in
that at least one of a container body and liner of said gas tank
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for high pressure hydrogen use is comprised of the austenitic
high Mn stainless steel as set forth in claim 4.

18. A tank for liquid hydrogen use which stores liquid
hydrogen, said tank for liquid hydrogen use characterized in
that at least one of a container body and liner of said tank for
liquid hydrogen use is comprised of the austenitic high Mn
stainless steel as set forth in claim 2.

19. A tank for liquid hydrogen use which stores liquid
hydrogen, said tank for liquid hydrogen use characterized in
that at least one of a container body and liner of said tank for
liquid hydrogen use is comprised of the austenitic high Mn
stainless steel as set forth in claim 3.

20. A tank for liquid hydrogen use which stores liquid
hydrogen, said tank for liquid hydrogen use characterized in
that at least one of a container body and liner of said tank for
liquid hydrogen use is comprised of the austenitic high Mn
stainless steel as set forth in claim 4.

#* #* #* #* #*
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